Blood vessel epicardial substance (BVES) is a tight-junction associated protein that was originally discovered from a cDNA screen of the developing heart. Research over the last decade has shown that not only is BVES is expressed in cardiac and skeletal tissue, but BVES is also is expressed throughout the gastrointestinal epithelium. Mice lacking BVES sustain worse intestinal injury and inflammation. Furthermore, BVES is suppressed in gastrointestinal cancers, and mouse modeling has shown that loss of BVES promotes tumor formation. Recent work from multiple laboratories has revealed that BVES can regulate several molecular pathways, including cAMP, WNT, and promoting the degradation of the oncogene, c-Myc. This review will summarize our current understanding of how BVES regulates the intestinal epithelium and discuss how BVES functions at the molecular level to preserve epithelial phenotypes and suppress tumorigenesis.
Introduction to the intestinal epithelium
The intestine is divided into two anatomical compartments: the small intestine, where food is absorbed and digested, and the large intestine, or colon, where water and electrolytes are absorbed. 1 At the histological level, the small intestine consists of villi, or finger-like projections, which protrude into the lumen providing maximal surface area to absorb food. At the base of each villus is a crypt, or invagination, where cells divide and migrate upward to repopulate the mature epithelium. Whereas the small intestine contains "crypt-villus units," the colon consists of only crypts. A single layer of cells lines these crypts and villi and is collectively referred to as "the intestinal epithelium."
As the intestine is constantly enduring mechanical and chemical stress, as well as infectious challenges, the epithelium regenerates entirely every 7 days. This regeneration is initiated by stem cells residing in the crypt base. These Lgr5+ stem cells asymmetrically divide yielding a daughter stem cell and a committed cell. [2] [3] [4] The committed cells are collectively referred to as the "the transit amplifying population" and migrate upward along the crypt-villus axis, differentiating as they replace sloughed cells. 2 Broadly, these migrating progenitors can differentiate into absorptive cells (enterocytes) or secretory cells (goblet, enteroendocrine, and Paneth cells). Whether an intestinal cell commits to an absorptive or secretory fate is largely determined by balancing inputs from the Wnt, Notch, and BMP signaling pathways. Understanding this complex dynamicstem cells giving rise to various lineages, tasked with absorption of nutrients and partitioning luminal microbial populations all while enduring mechanical and chemical stress in the setting of pathogens, carcinogens, and physical injuryhas been the subject of intense investigation over the past several decades.
The intestine as a barrier and junctional constituents
The intestinal epithelium is a selectively permeable barrier allowing for the absorption of nutrients, water, and electrolytes while simultaneously preventing penetration of intestinal pathogens and other antigenic materials. Junctional complexessuch as tight junctions, adherens junctions, hemidesmosomes, and gap junctionswithin these epithelial cells are critical for linkage of the cytoskeleton, cell-cell signaling, sub-cellular partitioning of membrane proteins, and for regulating para-cellular permeability that ultimately allows the intestinal epithelium to perform its function. Hemides mosomes couple the basal membrane of the epithelium to the underlying basal lamina and coordinate with the more laterally localized desmosomes to help nucleate intermediate filament networks of the cytoskeleton. 5 Gap junctions connect neighboring cells and allow for direct cell-cell passage of ions, metabolites, and second messengers through hexamers consisting mainly of connexin proteins. 6 Adherens junctions initiate and maintain cell-cell contacts by coupling the transmembrane glycoprotein E-cadherin and cytoplasmic constituents p120-catenin, β-catenin, and α-catenin with the actin cytoskeleton. 7 Maintaining the integrity of adherens complex is critical both in regulating barrier function and oncogenesis. For example, mice expressing a dominantnegative form of N-cadherin, which disrupts the adherens junction, develop spontaneous colitis, 8 and E-cadherin reductions in colorectal cancer are associated with increased invasive potential. 9 Interestingly, disruption of E-cadherin in the epidermis leads to alterations in the tight junction, highlighting the interconnectivity of the junctional barrier network. 10 Indeed, tight junctions are often in close association with adherens junctions near the apical-lateral membrane and help to form a selective, semipermeable barrier restricting the paracellular transport of solutes, ions, and water. Furthermore, tight junctions allow for the sub-cellular partitioning of apical and baso-lateral proteins, assisting in defining cellular polarity. Principal constituents of tight junctions include the transmembrane proteins of the claudin family, occludins, tricellulin, junctional adhesion molecules (JAMs), and blood vessel epicardial substance (BVES). Multiple adaptor proteins such as the zonula occludens (ZO-1-3) and cingulin as well as the RHOGEF, RHOA, and ZONAB signaling molecules are also located cytoplasmically in association with the tight junction. Given the complexity of tight junction signaling, this review will focus on the role of one particular tight junction protein, BVES, and explore its role in maintaining epithelial integrity while also discussing a role for BVES in non-epithelial tissue. We summarize work over the last 15 years on BVESa protein initially discovered via a cDNA screen of the developing heart 11, 12 and discuss its emerging and key role in governing intestinal epithelial biology, from tumorigenesis to barrier function to intestinal injury responses.
BVES structure, expression, and localization
BVES is the founding member of the POPDC family, which also consists of POPDC2 and POPDC3. POPDC2 and POPDC3 share 50% homology while BVES is only 25% homologous to either family member, suggesting evolutionary divergence. 13, 14 BVES, the most well-studied family member, is a three-pass transmembrane protein, and in humans, the protein consists of 360 residues with three alphahelical membrane spanning, hydrophobic domains, two extracellular N-linked glycosylation sites, 15 and a large intracellular domain, where many proteinprotein interactions occur ( Figure 1 ). The extracellular amino terminus of BVES extends from amino acid 1-42, and the two N-glycosylation sites potentially protect BVES from proteolysis or help traffic it to the cellular membrane. 23, 24 Within the intracellular carboxy-terminus (a.a. 114-360) is the POPEYE domain (a.a.172-266), which is highly conserved (80%) across the family throughout different vertebrates. 14, 16 Kawaguchi et al. showed that BVES exists as a dimer via interactions near the carboxy end of the POPEYE domain and that this homotypic interaction requires two lysine residues (K272 and K273). 18 Given its location at the membrane and that it possesses a three-pass transmembrane domain, it was postulated that BVES contributes to cell adherence, but interestingly, BVES lacks any motifs or domains commonly observed in known classes of adhesion molecules. And to date, little is known about its protein folding, translocation to the membrane, or how and if it is regulated at the post-translational level. Furthermore, sequence alignments analyses do not predict enzymatic activity. The novelty of the POPDC family structure, implicates a unique cellular function.
While the structure of BVES does not provide immediate clues to its function, its expression pattern suggests some tissue specific capabilities. BVES is expressed in muscle and epithelial tissues e1499843-2 in a wide-variety of organs: heart, 11, 12 smooth and skeletal muscle, 25 retina, 26 intestine, 27,28 lung, 29 and breast. 27 One of the common properties of BVES-expressing tissue is cell adherence. Indeed, further work by Osler et al. identified that BVES contributes to cell-cell adhesion. When cells are subconfluent, BVES is primarily localized to the cytoplasm ( Figure 2 ). But when cells establish contact, BVES rapidly traffics to the cellular membrane( Figure 2 ), 13, 30 in a poorly understood process. BVES movement to the membrane localizes to points of cell-cell contact and co-localizes with tight junction constituents ZO−1 and occludin, but not with adherens junction-associated proteins such as β-catenin and E-cadherin or desmosomal associated proteins. Overall, based on BVES localization and its association with junctional complexes, it was hypothesized that BVES could be an important regulator of epithelial states.
Loss of BVES is associated with mesenchymallike phenotype
A hallmark of epithelial cells is their ability to aggregate through cell-cell adhesion into an organized epithelium functioning, collectively, as a tissue. 31 Within the epithelium, there is coordinated cell motility, proliferation, and differentiation. The dynamic nature of the epithelium is apparent when there is loss of cell-cell contact, leading to individual epithelial cells assuming a fibroblast-like or mesenchymal-like morphology. 32 This phenotypic change is termed epithelial-mesenchymal transition Figure 1 . BVES structure. Human BVES protein is 360 amino acids with an extracellular N-terminus, a three-pass transmembrane domain, and a large intracellular C-terminus containing the highly conserved POPEYE domain.*mapped to murine BVES amino acids. ** mapped to chick BVES amino acids. Glycosylation; 15 POPEYE; 16 cAMP; 17 Dimerization; 18 CAV3; 19 GEFT; 20 PR61α; 21 VAMP3; 22 Zo-1. 13 (EMT); in many tissues, upon regaining cell-cell contacts, cells undergo reciprocal mesenchymal to epithelial transition (MET). Cellular adhesion complexes, including tight and adherens junctions are key regulators of these transitions, providing a means for cellular signaling in addition to mechanical adhesion. For example, the role of the adherens junction as a modulator of canonical WNT signaling through sequestration of β-catenin at the cell membrane is well established. 33 Similarly, tight junctions play a fundamental role in outside-in signaling cascades. RhoA downregulation following epithelial cell confluency leads to reductions in proliferation, which is due in part to an interaction with Guanine nucleotide exchange factor H1 (GEFH) and the tight junction protein Cingulin. In a similar fashion, ZO-1 can modify gene expression programs and cell growth by sequestering ZONAB (a Y-box transcription factor) at the tight junction, leading to coordinated regulation of cytoskeletal and transcriptional programs and providing a link between junctional integrity and cell signaling programs. 34, 35 Because of the dynamic subcellular localization of BVES, and its impact on epithelial junctions, it was postulated that BVES contributed to maintaining epithelial states similar to the regulatory role of E-cadherin. Using the human corneal epithelial cell line (HCE), Osler et al. showed that knocking down BVES impairs tight junction and adherens junction formation as evidenced by disrupted membrane localization of β-catenin, E-cadherin, ZO-1, and occludin. 13 Furthermore, loss of junctional complexes were functionally significant as transepithelial resistance (TER), a readout for junctional integrity and barrier competency of an epithelium, was reduced in the setting of BVES loss. 13 Conversely, overexpression of BVES in HCE cells increased TER. Moreover, overexpression of BVES with mutations at lysines 272 and 273, which prevents endogenous BVES from trafficking to the cellular membrane, converts HCE cells to a fibroblast morphology. Concomitant increase in vimentin expression, a mesenchymal cell marker, reduction in cytokeratin, and enhanced mobility and invasion 18 were also observed, all indicating a transition from an epithelial to a more mesenchymal state. This was further supported by the in vivo observation that Bves-/mice have impaired skeletal muscle recovery after injury. 25 Recovery from injury requires the orchestration of cellular migration and re-establishment of cell polarizationboth of which were abnormal in Bves-/-muscle. Thus, initial reports about BVES suggested that BVES promoted epithelial states.
Pivotal studies began to elucidate the cellular mechanisms by which BVES regulates epithelial states. Smith et al. conducted a yeast-two-hybrid screen and identified that murine BVES interacted with Guanine nucleotide exchange factor T (GEFT) through BVES amino acids 250-300. 20 Broadly, GEFs functional principally to stimulate the exchange of GDP for GTP and can activate Rho GTPases. 7 GEFT activates Rac1 and Cdc42 to induce lamelipodia and filopodia formation during cellular migration. Importantly, Rho GTPases contribute to tight junction composition and conversely, tight junctions are implicated in the regulation of Rho GTPases. For example, the RhoA activator GEF-H1 can be sequestered through an interaction with ZO-1 and the adaptor protein cingulin to reduce RhoA activation. 7 Alternatively, expression of a constitutively active RhoA leads to alterations in tight junction localization with redistribution of occludin and ZO-1. 36 It was shown that overexpression of BVES in NIH 3T3 cells resulted in less motile and more round cells, 20 and this correlated with less active forms of Rac1 and Cdc42. However, the report was not conclusive as to how BVES regulates RhoA signaling. In a follow up study, Russ et al. provided evidence that BVES acts to reduce RhoA signaling as well as maintain junctional integrity in epithelial cells. They demonstrated that overexpression of BVES reduced RhoA activity and overexpression of a truncated-BVES mutant that disrupted endogenous BVES localization increased RhoA activity. 37 Moreover, they observed that in addition to co-localizing with ZO-1, BVES immunoprecipitated with ZO-1. When BVES was overexpressed, ZO-1 and occludin were confined to the cellular membrane. But when the mutant BVES was expressed, ZO-1 and occludin were primarily intracellular. This suggested that BVES was required for junctional composition.
More recently, Hager et al. identified Vesicle-associated membrane protein 3 (VAMP3), a SNARE protein family member involved in vesicular transport, as a BVES interacting protein via a yeast-two-hybrid approach. 22 VAMP3 is widely expressed and interacts with syntaxin-4 to tether vesicular cargo to the cellular membrane 38 and is required for cellular migration and movement through aiding in the trafficking of β-1-integrins. Studies have shown that interfering with VAMP3 function, such as silencing via siRNA or using a tetanus toxin that inhibits VAMP3, reduces cellular migration and cell adhesion with associated impairment of β-1-integrins recycling, 39, 40 suggesting that VAMP3-integrin trafficking is critical in coordinating cellular migration and adhesion. Hager et al. showed that silencing BVES disrupted β-1-integrin recycling during cellular migration. In addition to the role for BVES in modulating GEF activity, the identification of VAMP3 as a BVES binding partner implicates BVES in multiple pathways controlling cellular migration.
Non-epithelial roles of BVES
In 2012, Froese et al. discovered that BVES has an important regulatory role in cardiac myocytes. 17 In their work, they identified that Bves-/-mice had impaired stress-induced bradycardia, suggesting a sinus node defect. They identified a high-affinity cAMP binding domain within the POPEYE domain and biochemical experiments showed that BVES directly bound to cAMP. Mutating single amino acids (D200, E203, and V217) modulated the affinity of the interaction. Moreover, BVES interacted with the 2-pore domain potassium channel TREK-1, and this was sensitive to cAMP stimulation. It was postulated that BVES could recruit TREK-1 to the membrane to enhance current, and that this recruitment was modulated by levels of cAMP. 17 This report expanded the known regulatory roles of BVES by showing its importance in cardiac pacemaking and a role in determining membrane localization of other proteins. Moreover, the report showed a firm in vivo functional relevance to BVES. A subsequent report in 2016 by Schindler et al. identified a BVES missense variant (S201F) by whole-exome sequencing in a family of four with cardiac arrhythmias and limb-girdle muscular dystrophy (LGMD). 41 Skeletal muscle biopsies from the affected patients showed impaired BVES membrane localization. The variant, which was within the cAMP binding domain, showed 50% reduction in cAMP affinity in vitro and impaired TREK-1 recruitment to the membrane. Furthermore, this BVES mutant, expressed in zebrafish, phenocopied the heart and skeletal muscle defects observed in the family carrying the homozygous allele. Thus, these studies revealed the powerful clinical implications of disrupting BVES function and continued to expand its widening regulatory role in cardiac myocytes and skeletal muscle tissue.
The role and functional impact of a BVES:cAMP interaction in normal epithelium is unknown; however, Amunjela, et al have recently demonstrated that BVES can immunoprecipitate with cAMP in breast cancer lines. Further, cAMP increases BVES protein levels and may influence cell migration. 42 Importantly, cAMP is known to play a key role in junctional integrity. Treatment of primary HUVEC cells with cAMP derivatives improves tight junction continuity and decreases paracellular permeability. 43 In ovarian cancer cells, the cAMP-dependent protein kinase (PKA) can phosphorylate claudin-3. A mutation in claudin 3 at the PKA phosphorylation site which mimics constitutive phosphorylation impairs junctional assembly as reflected by reductions in TER. 44 Additional studies defining the BVES:cAMP and its contribution to junctional integrity in the epithelium will be required.
BVES as a tumor suppressor
Epithelial state changes, such as EMT, occur during differing stages of tumor development and growth. Indeed, tumor cells at the invasive front tend to possess mesenchymal traits (hypermigratory, poorly differentiated, and hyperproliferative). 45 They also tend to be incapable of cell-cell contact mediated growth arrest. 45 Loss of adhesion junction molecules has been associated with increased tumor invasiveness, 46, 47 and colorectal cancers that retain E-cadherin expression are associated with decreased invasiveness. 48 Similarly, tight junction proteins are implicated in tumor biology with claudin family members being overexpressed in ovarian, CRC, and gastric cancers. 49, 50 However, claudin-1 has also demonstrated tumor suppressive effects in gastric tumors, 21 suggesting context and tissue dependence or tumor type-specific function. Moreover, high expression of ZO-1 is a good prognostic indicator in non-small cell lung cancer 51 and decreased expression of ZO-1 in breast and colon cancer are correlated with progression. 52, 53 Thus, although our understanding is incomplete, dysregulation of adherens and tight junction constituents is a feature of malignancies.
Expanding on the role of BVES in cancer, Williams et al. showed that BVES was underexpressed in several epithelial malignancies, including breast and colorectal cancer. 27 Restoration of BVES expression in CRC cell lines induced an epitheliallike morphology (Figure 3 ) and decreased cellular proliferation, invasion, growth as subcutaneous xenografts in athymic mice and reduction in splenic metastasis in mouse experiments. 27 Conversely, disrupting BVES in non-malignant human corneal epithelial cells induced a mesenchymal-like morphology and increased cellular proliferation and migration. In sum, BVES acted as a regulator of EMT in CRC.
The study concluded that this regulation was in part due to BVES-induced regulation of RhoA signaling. But how BVES reduced cellular proliferation, migration, and invasion remained only partially explained. Given the increasing number of identified BVES interacting proteins, it was reasonable to predict that other unknown interacting proteins could contribute to the tumor suppressive mechanisms of BVES. Moreover, whether BVES had an in vivo role in suppressing tumorigenesis was not established.
Parang et al. conducted the first in vivo study testing BVES as a tumor modifier. 54 Using the wellestablished azoxymethane repeated cycles of dextran sodium sulfate (AOM/DSS) 55-58 model of inflammatory carcinogenesis, they showed that Bves-/-mice developed worse inflammatory injury, greater tumor multiplicity, and a higher degree of intratumoral dysplasia. The authors observed increased intratumoral Wnt signaling at the protein level. Analysis of RNA sequencing of Bves-/-tumors revealed activation of c-Myc signaling networks and subsequent immunohistochemistry showed increased c-Myc protein. The authors posited that BVES may regulate cellular c-Myc levels. Indeed, overexpressing BVES in vitro e1499843-6 decreased c-Myc protein with associated increase in ubiquitylated c-Myc levels. Furthermore, knocking down BVES by siRNA increased c-Myc protein. Coimmunoprecipitation and proximity ligation assays revealed that BVES associates with c-Myc. Given that BVES modified c-Myc post-translationally, they hypothesized that BVES interacted with PPP2R5A (PR61α), a regulatory subunit of the serine-threonine protein phosphatase 2A (PP2A) heterotrimeric complex that dephosphorylates c-Myc and promotes c-Myc ubiquitylation. By yeast-two-hybrid, coimmunoprecipitation, and proximity ligation assay, they showed that BVES interacted with PR61α and identified that residues 330-345 in human BVES were required for the BVES:PR61α interaction. Deletion of those 15 amino acids uncoupled the interaction, and expression of that BVES mutant had no effect on c-Myc levels, suggesting that BVES likely requires PR61α to promote c-Myc degradation. This was a key study illustrating that BVES can regulate oncogenic signaling pathways. Interestingly, in inflammatory bowel disease, c-Myc has been postulated to contribute to colitis-associated cancer progression. [59] [60] [61] Together, this study continued to broaden the known regulatory roles of BVES, from cardiac and skeletal muscle maintenance to tumor progression. As PP2A dephosphorylates a number of other targets, many of which are implicated in tumorigenesis, 62, 63 determining whether BVES directs additional PP2A activity may elucidate novel regulatory roles. For instance, PP2A has been shown to dephosphorylate tight junction proteins such as ZO-1, occludin, and claudin-1 leading to increased paracellular permeability. 64 While several studies have demonstrated that BVES has an important role in intestinal malignancy, additional studies implicate BVES in hepatocellular and breast cancer. [65] [66] [67] The tissue-specific functions of BVES in regulating tumorigenesis remain unclear, especially in vivo, but the recent literature strongly suggests BVES acts as a tumor suppressor in a variety of epithelial tissues, likely, at least in part, due to its role in promoting c-Myc degradation. The majority of phenotypes associated with BVES loss require cellular or physiologic stress, suggesting that under homeostasis, BVES loss has minimal deleterious effects. This may be due, in part, to physiologic redundancy via compensation by other POPEYE domain containing proteins such as POPDC2 and POPDC3.
BVES promoter methylation as a biomarker in malignancy
Hypermethylation of CpG islands in proximal promoters of tumor suppressor genes is a common mechanism if silencing their expression in malignancy. 68 In a study of non-small cell lung cancer patients, Feng et al. detected that the BVES promoter was hypermethylated in tumors compared to non-malignant tissue. 29 Williams et al. subsequently identified a large CpG island from nucleotides −997 to + 394 in the BVES proximal promoter and demonstrated that BVES was suppressed via hypermethylation of this island. Treatment of CRC cell lines with 5-aza-2ʹ-deoxycytidine, a demethylating agent, restored BVES expression. 27 Similarly, others have shown that the BVES promoter is hypermethylated in gastric malignancies compared to normal tissue. 28, 29 Aside from sporadic cancers, Parang et al. analyzed patients with ulcerative colitis and colitis-associated cancer. Similar to prior studies, they determined that the BVES promoter was hypermethylated in colitis-associated cancers compared to patients with ulcerative colitis who did not have colitis-associated cancer. Interestingly, they showed that the BVES promoter was also hypermethylated in distant, non-malignant mucosa of patients who also had colitis-associated cancer, suggesting that BVES promoter methylation status could be used a biomarker of distant cancer. 54 The current method of cancer screening in inflammatory bowel disease patients, who are at a significantly elevated risk of developing colitisassociated cancer, 69 is surveillance colonoscopy, in which the colon is biopsied with the hope that cancer can detected at an early and therefore treatable stage. However, the screening for malignancy in the colon of inflammatory bowel disease patients can be challenging because the lesions are frequently flat, making it difficult to identify, especially in the setting of inflammatory changes. Parang et. al's report suggest that BVES promoter methylation may be a useful biomarker for the presence of colitis-associated cancer, or even dysplasia, and that measuring BVES promoter methylation status could serve as a clinically useful tool to identify patients at risk for colon dysplasia or cancer.
BVES and its stem cell role
A growing number of studies are supporting the hypothesis that BVES regulates multiples intracellular signaling pathways and its expression is key in maintaining an epithelial phenotype. In support of this, Bves-/-mice have increased intestinal proliferation at baseline. 70 Lgr5 is a transmembrane receptor for R-spondin that amplifies Wnt tone and is a marker of intestinal stem cells, 71, 72 Bves-/mice crossed with an Lgr5-eGFP-IRES-creERT2 intestinal stem cell reporter mouse have an expanded stem cell compartment compared to wildtype mice. Consistent with loss of BVES promoting "stemness," enteroid cultures derived from Bves-/-mice had a higher plating efficiency and increased stem-cell markers such as Axin2, CD44, and Cyclin-D1 by qPCR. 70 The precise molecular mechanism underlying why Bves-/-mice have an expanded stem cell compartment is unclear, but the authors posit that it could be due to dysregulation of the e1499843-8 numerous pathways BVES is known to coordinate, such as the Wnt pathway.
Conclusions: BVES as a sensor
Since 1999, when BVES was initially discovered, our understanding of BVES, from its structure to its function, has expanded substantially. This threetransmembrane domain protein, with its unique molecular domains, is key in maintaining epithelial states. In a variety of tissues, it has been repeatedly shown that disruption of the BVES protein results in epithelial cells acquiring a more mesenchymal phenotype, becoming more proliferative, migratory, and less-adherent with impaired adherens and tightjunction formation. The number of intracellular signaling pathways that BVES regulates is growing with each new study. An emerging picture is that BVES acts as a regulator of epithelial state in large part due to its intracellular carboxy terminus acting as a docking partner or scaffold for a variety of protein-protein interactions, such as c-Myc and PP2A. Our proposed model, building from the work of others, is that BVES acts as a sensor of cell-cell contact to arrest cellular mechanisms such as proliferation and migration. When cells make contact with each other, BVES, through recruitment of protein-protein interactions at the cell membrane, transduces "outside" contact into intracellular signaling that induces an epithelial phenotype. Thus, when BVES function is lost, such as through mutation or promoter hypermethylation, there is loss of epithelial regulation and a higher risk of malignancy.
Future studies
Future studies of BVES require further investigation into other binding partners that would help us understand how it regulates such a variety of intracellular signaling pathways. As previous studies have demonstrated an interaction between BVES and cAMP, the importance of this interaction needs evaluation specifically in intestinal epithelial cells. Moreover, although recent studies have shed some light into the in vivo function of BVES, it remains to be seen how BVES functions within other tissues such as lung or breast. Generation of tissue-specific BVES knockout mice will be key in revealing more about its function.
As much as we know about what pathways BVES can regulate, our understanding of BVES itself at the transcriptional, translational, and post-translational level is very limited. We do not have a strong grasp of what transcription factors regulate BVES expression, and we know little of the kinetics of BVES protein turnover or its posttranslational modifications. Uncovering how BVES is regulated will be key in continuing to understand the function of this regulator of epithelial states.
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